Abstract To reduce Ni ion release and improve biocompatibility of NiTi alloy, the cathodic plasma electrolytic deposition (CPED) technique was used to fabricate ceramic coating onto a NiTi alloy surface. The formation of a coating with a rough and micro-textured surface was confirmed by X-ray diffraction, scanning electron microscopy, and energy-dispersive X-ray spectroscopy, respectively. An inductively coupled plasma mass spectrometry test showed that the formed coating significantly reduced the release of Ni ions from the NiTi alloy in simulated body fluid. The influence of CPED treated NiTi substrates on the biological behaviors of osteoblasts, including cell adhesion, cell viability, and osteogenic differentiation function (alkaline phosphatase), was investigated in vitro. Immunofluorescence staining of nuclei revealed that the CPED treated NiTi alloy was favorable for cell growth. Osteoblasts on CPED modified NiTi alloy showed greater cell viability than those for the native NiTi substrate after 4 and 7 days cultures. More importantly, osteoblasts cultured onto a modified NiTi sample displayed significantly higher differentiation levels of alkaline phosphatase. The results suggested that surface functionalization of NiTi alloy with ceramic coating via the CPED technique was beneficial for cell proliferation and differentiation. The approach presented here is useful for NiTi implants to enhance bone osseointegration and reduce Ni ion release in vitro.
Introduction
In recent years, NiTi alloy has been extensively used in hard tissue repair and reconstruction such as dental implants, artificial joints, bone plates, spine fracture fixation, and bone tissue engineering, because of its unique shape memory effect, superelastic property, high corrosion resistance, and good biocompatibility [1∼3] . However, the high Ni content in NiTi alloy and the Ni ion release have caused some concern of its safe use as an implant material. Even though there is a protective TiO 2 oxide film on the surface of NiTi alloy implants, Ni ions can still be released to the surrounding tissue when implanted, which might induce allergic and toxic effects [4, 5] . It has been demonstrated that the release of Ni ions into the human body is capable of transforming many different types of cells into tumors. In addition, a NiTi implant is only passively integrated with bone and the healing of the implant is a slow and difficult process. To improve the performance of NiTi implants, one needs to reduce Ni ion release and enhance cellular activities (cell adhesion, proliferation, and differentiation) of the bone-forming cells on the material surface. In this respect, surface modification plays an important role by providing a means to tailor selective surface properties without affecting the desirable bulk attributes of the materials. In particular, plasmabased techniques are suitable for surface modification of various materials [6∼10] . To this end, a variety of plasma-based techniques have been employed to modify the surface of NiTi alloy, including plasma-assisted deposition [11, 12] , plasma polymerization [13] , plasma immersion ion implantation [14, 15] , and plasma immersion ion implantation and deposition [16] . However, these plasma techniques are in vapor phase and have such disadvantages as complexity of experimental apparatus and higher energy cost. Moreover, the treatment time of these processes can amount to several hours, further increasing the production cost of the coating.
Cathodic plasma electrolytic deposition (CPED) is another promising plasma technique for the purpose of fabricating coatings and is receiving considerable attention. In the CPED process, the plasma discharge occurs in liquid precursors at atmospheric pressure and the plasma is confined to the cathode in a superheated vapor sheath surrounded by the liquid phase [17] . CPED is a room-temperature process, which combines cathodic electro-deposition with plasma glow discharge.
Compared with that for gas phase plasma, the device used for CPED is quite simple because the system does not require vacuum and gas control. This plasma process allows the production of nano-crystalline graphite films [18] , diamond-like carbon films [19] , oxide ceramic coatings [17, 20] , metal coatings [21] , and chitosan coatings containing calcium and phosphorus [22] on metal substrates in a few minutes. Coatings or films prepared by the CPED technique can remarkably enhance the surface properties of metals, such as oxidation resistance, corrosion resistance, and interface bonding to substrate especially. Furthermore, this liquid phase plasma technique can produce coatings with rough and micro/nano textured surfaces on the metals [17∼22] . It is known that materials interact with cells and tissues through their surfaces. A coarse and rough surface of an implant is beneficial to cell proliferation, bone tissue growth, and anchorage of an implant to bone. Although some metal substrates treated by CPED have been reported, to the best of our knowledge, films or coatings deposited on NiTi alloy by this process are rarely published. More importantly, CPED has not been employed to improve the biocompatibility of metal and its alloy. The effect of CPED coating on cell behaviors has not yet been reported.
The objective of this study is to fabricate and characterize a protective coating (Al 2 O 3 coating as an example) on NiTi alloy via the CPED technique. We hypothesized that this CPED coating would be beneficial for reducing Ni ion release and improving osteoblast growth behaviors on NiTi substrates. Thus, the influence of such surface modification on Ni ion release and osteoblast behaviors was investigated in vitro as well.
Materials and methods

Fabrication and characterization of coatings
The NiTi alloy with composition of Ti 50.93% and Ni 49.07% (Northwest Institute for Non-ferrous Metal Research, China) was machined into cylindrical discs with a thickness of 5 mm and a diameter of 15 mm. The disks were heated at 500
• C for 30 min, followed by water quenching. The discs were ground with 1,000 grit papers using water as lubricating liquid. The samples were ultrasonically cleaned in ethanol, thoroughly rinsed in deionized water and dried prior to the CPED process.
The CPED process was performed with the same instrument and protocol as previous reported [22, 23] . The electrolyte was prepared by dissolving Al(NO 3 ) 3 (10 g) in a mixed solvent (500 mL) of ethanol (90%, v/v) and methanol (10%, v/v). NiTi disk as cathode was discharged for 30 min at a voltage of 400 V with graphite as the anode. Pulse frequency and duty cycle were fixed at 100 Hz and 30%. Electrolyte temperature was controlled at 30±5
• C during the treatment.
The phase composition of the samples was characterized by X-ray diffraction (XRD) (D/Max2550VB+/PC Rigaku Corporation, Japan) with Cu Kα radiation. A scanning electron microscope (SEM) (Quanta 200 Philips-FEI Corporation, Netherlands) with energydispersive X-ray spectroscopy (EDS) and atomic force microscope (AFM) (WET-SPM-9500J3, Shimadzu Co., Japan) were used to investigate the surface morphology and chemical composition of the coatings. A point analysis was applied in EDS analysis and the average of three repeated scans was used. The adhesive force between the coating and substrate was measured by a micro-scratch tester with a Rockwell indenter (a spherical tip, radius 200 µm) (WS-2005 Zhongke Kaihua Corporation, China) and a direct pull-off test according to the GB5210-85 standard [24] . The phase transformation time of NiTi alloy was measured by a differential scanning calorimetry (DSC) (200 PC NETZSCH Corporation, Germany). Measurement was carried out at temperatures ranging from −40
• C to 80
• C under a controlled heating rate of 10
• C/min. The stress-strain behavior of NiTi alloy was studied on a universal testing machine (AG-X Shimadzu Corporation, Japan).
Ni ion release test
The simulated body fluid (SBF) solution was prepared according to a previous study [25] . Eight samples including four native NiTi samples and four treated NiTi were used in the Ni ion release test. Each sample was immersed in 2 mL of the SBF solution in a polypropylene (pp) bottle. The bottles were closed tightly and incubated in a thermostatic chamber at 37±0.1
• C for 3 days, 7 days, 21 days and 35 days. At the end of the prescribed time interval, the SBF was taken out for each group and analyzed by inductively coupled plasma mass spectrometry (ICP-MS) (XSERIES 2 Thermo Fisher Scientific Inc., USA) to determine the amount of Ni ion leached from the specimen. The Thermo Scientific ICP-MS used in this work is able to detect levels of Ni ion at less than 0.01 parts per billion (ppb).
Cell culture
Osteoblasts were isolated via sequential collagenase digestions of neonatal rat calvaria according to established protocol [26] . They were cultured at 37
• C in a humidified atmosphere of a 5% CO 2 in air, in flasks containing 5 mL Dulbecco's Modified Eagle Medium (DMEM, Gibco), 10% fetal bovine serum (FBS, Gibco). The medium was changed every third day and for subculture. The cell monolayer was washed twice with PBS and incubated with trypsin-EDTA solution (0.25% trypsin, 1 mM EDTA, Gibco) for 5 min at 37
• C to detach the cells. The effect of trypsin was then inhibited by adding the complete medium at room temperature. These cells were washed twice by centrifugation and re-suspended in complete medium for re-seeding and growing in new culture flasks.
Cell observation
Osteoblasts were seeded onto native NiTi alloy and CPED treated NiTi at a density of 5,000 cells/cm 2 . After culturing for 4 days, the cell layers were rinsed with PBS (phosphate-buffered saline) three times. The cells were fixed in a 5% glutaric dialdehyde diluent at 4
• C for 20 min followed by three rinses with PBS. The cells were permeabilized with 0.2% Triton X-100 at 4
• C for 15 min followed by three rinses with PBS. The cells were stained with H33258 (Sigma, USA) for 5 min. Cell nuclei were observed with confocal laser scanning microscopy (CLSM, Leica DMI 6000, Germany).
Cell viability assay
Osteoblasts were seeded onto native NiTi alloy and CPED treated NiTi and cultured in DMEM with 10% fetal bovine serum at a density of 5,000 cells/cm 2 . After the osteoblasts were incubated for 1 day, 4 days and 7 days, 100 µL of MTT (5 mg/mL) was added and incubated for 4 h at 37
• C. MTT containing medium was removed and 0.5 mL dimethyl sulfoxide (DMSO) was added to each well to dissolve the blue formazan reaction product. The absorbance of the solution was measured by using a microplate reader (BIO-RAD 680) at wavelength 490 nm, blanked with DMSO solution. Four replicates were read for each sample and the mean value was used as the final result.
Alkaline phosphatase assay
Osteoblasts (5,000 cells/cm 2 ), were seeded onto native NiTi alloy and CPED treated NiTi and cultured for 1 days, 4 days and 7 days. At the end of the prescribed time interval, osteoblasts were lysed using distilled water with 1% Triton X-100 by three freeze-thaw cycles.
The total protein content in the cell lysates was determined using a commercially available kit (BCA, Sigma). Light absorbance of these samples was measured at 570 nm on a Bio-Rad 680 spectrophotometric microplate reader. Total intracellular protein (expressed as mg) synthesized by osteoblasts cultured on the sample was determined from a standard curve of absorbance versus known concentration of albumin run in parallel experimental samples.
For the alkaline phosphatase (ALP) activity assay, cell lysates were prepared as mentioned above. pnitrophenyl phosphate (Sigma) was employed as a reference substrate to determine the ALP activities of the osteoblasts cultured on different substrates. The absorbance at 405 nm wavelength was measured with a spectrophotometric microplate reader (Bio-Rad 680). The ALP activity (expressed as µmol of converted pnitrophenol min −1 ) was normalized by total intracellular protein production. The ALP activity is thus expressed as µmol p-nitrophenol min −1 mg protein −1 .
Statistical analysis
All data for the cell experiments were expressed as means ± standard deviation (SD) for n = 4. Single factor analysis of the variance (ANOVA) technique was used to assess the statistical significance of results between groups. The statistical analysis was performed with the software OriginPro (version 6.0) at a confidence level of 95% and 99%.
Results and discussions
CPED is a new liquid phase plasma technique for producing film or coating on metal and its alloy. It involves complex chemical and physical reactions such as formation of alkaline by cathode electrochemical processes, hydrolyzation of the metal ions, thermal decomposition of salts, and a micro-arc discharge process. Fig. 1 shows the XRD patterns of native NiTi alloy and CPED coating on NiTi substrate. In the pattern of native NiTi alloy, no additional peaks were found except for NiTi peaks. In the pattern of CPED coating, it can be found that the coatings exhibit complex composition. It was composed of α-Al 2 O 3 , γ-Al 2 O 3 phases and a little NiTi. The presence of Al and O implies that electrolyte species have been deposited into the coating during the CPED process. In some areas, the thickness of the coating is so thin that the XRD instrument has detected signals of NiTi alloy under the coating. Surface morphologies of native NiTi alloy and CPED coating on NiTi substrate are shown in Fig. 2 . It can be seen that the as-polished NiTi alloy surface before CPED appeared to be smooth in Fig. 2(a) . The root mean square (rms) roughness of the native NiTi substrate was about 14 nm from AFM measurement. After NiTi alloy was treated by CPED at 400 V for 30 min, it was clearly observed in Fig. 2(b) that a coating with coarse and rough morphology was formed on its surface. The rms value of CPED coating on NiTi was about 210 nm. As shown in Fig. 2(b) and (c), many molten particles of different sizes and a few small pores were distributed on the surface of the CPED coating.
Most of the particles were of a size of micro-level. The size of pores was smaller than that of particles. The formation of small pores is perhaps due to the generation and release of hydrogen gas from the cathode to the solution during the reaction and decomposition of alcohol at high temperature. The formation mechanism of many micro-level particles depends on the electrolyte deposition. The cross-sectional microstructure of CPED coating is displayed in Fig. 2(d) . The thickness of coating was about 100 µm. The coating consisted of a loose outer layer and a compact inner layer. The inner layer adhered well to the NiTi substrate. The bonding strength of the coating was assessed using the scratch tester. The scratches were generated on the coatings with an initial load 10 N. The load increased at the rate of 25 N/min. The point of adhesion failure of the coating was detected by a burst increase in friction force. The results showed that the CPED treated oxide layer did not break until the scratching force was increased to 28 N, which was higher than that for ceramic coatings prepared by plasma immersion ion implantation and deposition, and plasma spray, and was strong enough for biomedical application [6, 16] . Furthermore, the result of direct pull-off test showed that the adhesion strength of coating was higher than 20 MPa. Fig. 3 shows a typical EDS spectrum of CPED coating on NiTi alloy. The element ratios extracted from the EDS spectra are listed in Table 1 . As shown in Fig. 3 , the coating was mainly comprised of Al and O, which was in agreement with the XRD analysis. It clearly demonstrated that there were no peaks of Ni and Ti, which could be attributed to the thicker coating fabricated by CPED. Table 1 depicts that the ratio of Al and O was near that of Al 2 O 3 , which again confirmed that the coating was mainly composed of Al 2 O 3 . Fig. 4 shows heating cycles of the NiTi alloy samples obtained by DSC. There is no difference in the temperature range of the phase transformation between native and CPED treated NiTi alloy measured from DSC. The stress-strain behavior of native and CPED treated NiTi alloy are exemplified in Fig. 5 . The stress-strain behavior for CPED treated NiTi alloy is almost the same as that of native NiTi alloy. The ICP-MS results of Ni ion release from native and CPED treated NiTi alloy samples in SBF for different immersion times are shown in Table 2 . Clearly, the rate of Ni ion release from the CPED coated samples was much lower than that of the untreated sample. At the end of 5 weeks in SBF, the amount of Ni leached from the CPED treated NiTi sample was about 18 times lower than that of Ni leached from the native NiTi alloy. Although Al 2 O 3 ceramic coating resulting from CPED had a rough and coarse structure, it can effectively block outward diffusion of Ni ions from NiTi alloy to SBF. Cell adhesion and spreading on substrates are the first sequential reactions when coming into contact with a material surface, which is crucial for cell survival. The cellular behavior on biomaterials is an important factor for evaluating the biocompatibility of a biomaterial. To investigate osteoblast growth behavior on the NiTi alloy surfaces with and without CPED treatment, cells were visualized with a staining of nucleus by immunocytochemistry (Fig. 6 ). Fig. 6 shows that cells randomly adhered on both the NiTi alloy and the CPED treated NiTi sample after 4 days culture. However, there were limited cells on the native NiTi surface after 4 days culture, as shown in Fig. 6(a) . In contrast, the CPED treated NiTi surface showed a significantly higher numbers of cells, which covered almost the entire surface of the sample, as shown in Fig. 6(b) . To evaluate the viability of osteoblasts cultured on both native and CPED treated NiTi substrates, the MTT assay was employed in the present study. The mechanism of the MTT assay involves the fact that the pale-yellow MTT substance will be converted to dark-blue formazan crystals when incubated with viable cells. Thus, the production of formazan indirectly reflects the level of the cell metabolism and the viability of cells. Fig. 7 shows the viability of osteoblasts adhered to different substrates after culture for 1 day, 4 days and 7 days, respectively. The viability of cells adhered to CPED treated NiTi substrates were comparable (p > 0.05) to those on native NiTi samples after 1 day in culture. However, after 4 days of culture, osteoblasts grown on CPED treated substrates showed statistically higher (p < 0.05) cell viability than those grown on unmodified substrates. A similar trend was also found after 7 days of culture (p < 0.05). Alkaline phosphatase (ALP) activity, as a transient early osteo-differentiation marker for osteoblasts, is one of the most widely used methods. It was executed by quantitative measurement of the production of pnitrophenol by cells in this study. Fig. 8 shows the ALP activities of osteoblasts grown on native NiTi alloys and CPED treated NiTi substrates after culture for 1 day, 4 days and 7 days. It did not display statistically significant difference between the CPED-treated and the native samples (p > 0.05) after 1 day of culture. Nevertheless, osteoblasts grown on CPED treated NiTi samples after 4 days of culture showed significantly higher ALP activity than that of corresponding native NiTi alloys (p < 0.05). After 7 days of culture, it showed statistically significant difference (p < 0.01) on ALP expression compared with that of native NiTi alloys. The result of the present study indicated that the CPED treated NiTi alloy was beneficial for its bone formation potential. Thus, the surface modification of NiTi alloy via the CPED technique is promising to improve the osteo-integration ability of the NiTi-based implants.
These results clearly demonstrated that the CPED technique is beneficial for promoting osteoblasts biological responses such as cell adhesion, cell viability, and cell differentiation function on NiTi alloy. The biological behaviors of cells are highly regulated by a material's surface morphology. Recently, how to control the cell behaviors at microscale, nanoscale and hybrid micro/nanoscale levels has attracted more and more attention. A variety of surface topographies have been generated in an attempt to control these interactions and stimulate cell function and eventually tissue repair [27∼31] . It is widely accepted that nano and micro-level surface roughness influences the binding and differentiation of cells by providing anchorage points. Consequently, the CPED treated outermost layer of a NiTi alloy is critically important in determining both biological responses to implant and material responses to the physiological environment. Our experimental results showed that a CPED process changed the smooth as-polished NiTi surface to a coarse and micro-textured surface. Therefore, the favorable cell adherence, proliferation and differentiation on CPED treated surfaces could be due to the presence of a micro-textured surface and the resultant high surface roughness. 
Conclusion
In this work, the CPED technique was employed to prepare Al 2 O 3 ceramic coating on NiTi alloy. The phase structure, surface morphology and chemical composition of the coating were characterized by XRD, SEM and EDS, respectively. Although the coating had a rough and micro-textured structure, it can still effectively block out-diffusion of Ni ions from NiTi substrate when immersed in simulated body fluids. Cell investigation in vitro was also performed on NiTi alloy treated with the CPED technique. Fluorescence microscopy images confirmed that there were more cells adhered to this modified surface than that of native NiTi alloy. MTT and ALP tests also demonstrated that such surface engineering was beneficial to the improvement of biocompatibility of NiTi alloy. Overall, we have developed a liquid phase plasma strategy that can not only reduce Ni ion release but also improve cell adhesion, proliferation, and potentially a variety of implantspecific cellular responses. The method presented here is ready to be extended to generate various coatings on other metal and its alloys to meet the requirements of (including but not limited to) biomaterials applications.
